Abstract: This paper discusses the performance of three blade vertical axis wind turbine. 2D computational flow analysis is carried out for different rotational speeds of the blades in a plane normal to wind turbine axis. It is implied that turbine blades have infinite aspect ratio. The selection is done based on the lift and drags generated by the various NACA series airfoil (NACA 0012, NACA 0015, NACA 0018, and NACA 0021) at a different angle of attacks, among them NACA 0015 airfoil is found to be most suitable one. A triangular meshed geometry is created and computational fluid dynamics (CFD) simulation is carried out. The computational analysis is performed at various speeds of VAWT blade rotation where the position of the airfoil is made with respect to the wind. Torques generated at different blade positions in a VAWT and the forces by the turbine over one full complete cycle were studied.
Introduction
Most of the developing countries currently rely heavily on coal, oil, and natural gas for their energy requirements. Fossil fuels are non-renewable, and they draw on finite resources. These fuels are becoming too expensive and causing the environmental damage. Increased level of ecological damage caused by traditional fossil fuels led to many unsolved issues in nature indirectly and directly affecting the life on the earth Nallapaneni, 2015) . A strive towards the use of sustainable energy systems has gained much importance in the present days due to the favourable features. These convenient features include low pollution levels, less noise, easy and quick operation, less maintenance, longer life spans, and better reliability Cota and Kumar, 2016) .
With the continuous utilisation of sustainable energy systems like solar energy, wind energy, bioenergy, fuel cells, oceanic energy, geothermal energy, hydropower, etc. for meeting most of the energy requirements in all sector gave colossal demand for the renewable energy markets. This led to the new developments and innovations in the energy harvesters. The growth for energy equipment manufacturers has boomed especially the wind turbine technology development industry (Chen et al., 2011; Sunny and Kumar, 2016; Beri and Yao, 2011) . Wind turbine systems have excellent growth potentials in the renewable energy market. The modern wind turbines can generate power on megawatt-scale also. But these turbine ratings cannot be similar for all the types of wind energy harvesters. The basic wind turbine systems can be classified into two types they include horizontal axis wind turbines (HAWT), and vertical axis wind turbines (VAWT) (Sunny and Kumar, 2016) . Depending upon the need as well as the wind speed availability, the type of wind turbines is chosen. In most cases, commercial level or gridtied wind farms use the megawatt-scale wind turbines. But whereas the domestic and standalone users use the low power rating HAWTs or/and VAWTs. In few of the Asian countries, the use of VAWTs and HAWTs becomes more popular due to the low capital costs, the possibility of power generation with slightly lower wind speeds, and less complexity in installation. Among these two, VAWTs are booming in the small-scale wind energy system markets due to their favourable features.
The favourable features of VAWTs are listed below (Sunny and Kumar, 2016 ):
• highly preferable systems for low wind speed regimes
• preferable for meeting the small-scale energy demand like household energy demands
• can capture the wind flow from multiple directions
• suitable for lousy weather conditions also
• fewer capital costs, installation costs, and maintenance costs
• lighter weight and easy to install, repair, and maintain
• causes less harm to the environment and wildlife
• operation of VAWT is possible during the turbulent wind regimes.
Various analytical models exist in the literature which can be used to design and evaluate the performance of the vertical axis wind turbine. These analytical models include momentum model, vortex model, and cascade model (Bai et al., 2014; Strickland et al., 1979; Wang et al., 2007; Hirsch and Mandal, 1987) . But in recent years a computational approach based on the computational fluid dynamics (CFD) has shown a great scope for analysing the VAWT performance and behaviour of aerodynamic characteristics (Beri and Yao, 2011; McLaren et al., 2012; Muneer et al., 2015; Vassberg et al., 2005; Song et al., 2016; Petružela and Blažek, 2017; Castelli et al., 2011; Dobrev and Massouh, 2011) . In this paper, a 3-blade VAWT is designed considering the aerodynamic properties. And its performance is analysed using the computational study using CFD concentrating on the effect of the rotation of the blades and its interference on the other blades. In Section 2, a literature review classified as per the computational studies conducted using simulation tools and experimental analysis are discussed. Materials and Methods behind this study are discussed in Section 3, with the detailed subsections explaining the design methodology and CFD simulations. The computational results of the 3-blade vertical axis wind turbine are discussed in Section 4 and analysis is carried out to compute the performance of the studied wind turbine configurations. Finally, the paper is concluded in Section 5.
Literature review
Several researchers have done works related to the design and development of vertical axis wind turbines. Among the few studies were highlighted here with a classification as computational studies and experimental studies. Beri and Yao (2011) , studied the computational analysis of VAWT designed with the NACA 0018 airfoil. To examine the effect of unsteady flows, a moving mesh technique is used in the VAWT design with airfoils opening angles. The results show that negative torque increases with the increase of opening angles and vice versa. McLaren et al. (2012) , presented an unsteady Reynolds-averaged Navier-Stokes equation for VAWT whose solidity is very high. Maximum thrust is observed at the TSR of 1.6. A turbulent model is suggested for obtaining the better simulation results. Muneer et al. (2015) studied the behavior of wind over the wind turbine (above and below) using the CFD analysis. The computation study shows the best visualisation of wind effects on the turbine developed with single or multiple blades. Muneer et al. (2015) observed that drag coefficient of the wind turbine increases with the increase in the area of the wind turbine area and decreases with the decrease in area of the wind turbine. Vassberg et al. (2005) proposed one of the CFD simulation-based method using Reynolds-averaged Navier-Stokes equations. This method was used for simulating and evaluating the various parameters associated with vertical axis wind turbine designed using NACA 0015 airfoil. Song et al. (2016) investigated the performance of novel VAWT system considering the influence of load over the wind speed levels, and influence of wind speeds over the tip speed ratios using the CFD transient simulation method. According to Song et al. (2016) the results shows that the designed wind turbine has higher loading capacities with better efficiencies than the traditional VAWTs. Petružela and Blažek (2017) used the CFD simulations to study the effect of mesh parameters over the VAWT system accuracy and computational time during the simulation conditions. Hence focusing on the mesh parameters is also an important criterion to be considered during the simulation. Castelli et al. (2011) investigated the performance of the VAWT at various TSR values and identified the high torque values at a high angle of attacks during the upwind revolution of the wind turbine blades. Dobrev and Massouh (2011) , performed CFD investigations for evaluating the vertical axis wind turbine rotor power using the k-x turbulence model for visualising detached eddy simulations and the two dimensional and three-dimensional flows. Jaohindy et al. (2011) proposed numerical models based on the Navier Stokes equations with standard k-ε and SST k-ω models for studying the performance of Savonius blade type vertical axis wind turbine. The simulation studies based on numerical models for the Savonius rotor type VAWT gives the best static torque and dynamic torque coefficients during the steady and unsteady conditions. As per the Jaohindy et al. (2011) , it is possible to identify the influence of externals forces on the rotor using the dynamic study of the system. Aziz et al. (2014) designed the VAWT system using the NACA 0012 and NACA 0015 airfoils by considering the relationship between the two significant influential parameters in the wind turbine, i.e., the coefficient of performance and tip speed ratio. This outlines the effect of blade numbers, tip speed ratio, the coefficient of power in small-scale VAWT developed to operate effectively for low wind speed conditions. Bedon et al. (2013) Conducted an experimental study on helical shaped blade vertical axis wind turbine system. For this study, NACA 0018 airfoil with a blade radius of 1 m has been chosen. This study suggests the comparison of CFD and experimental results almost have a close relation.
Computational studies

Experimental studies
Shahariar and Hasan (2014) Proposed a 3-blade vertical axis wind turbine having a height of 36-inch, the diameter of 24-inch, a blade height of 24 inches, and a chord length of 3.937 inches using the NACA 0018 airfoil series. The developed model works better in delivering the power required for small loads.
Another way of doing experimental studies on the VAWT is performed using the wind tunnel tests. Sheldahl (1981) performed the wind tunnel test on the vertical axis wind turbine having a 2-meter diameter made with the NACA 0012 airfoil to evaluate the real-time feasibility and performance of the systems.
Materials and methods
The methodology applied for analysing the computational behavior of 3-blade vertical axis wind turbine is as follows (Sunny et al., 2017) :
Step-1: Few airfoils were chosen from the literature that includes NACA 0012, NAC 0015, NACA 0018, and NACA 0021. Among these chosen ones only the best suitable one is used for the design of vertical axis wind turbine.
Step-2: The tangential forces generated for each blade (i.e., for selected airfoil) are calculated based on the drag and lift coefficients obtained for the angle of attacks 0° to 180°. Here, the account of rotation effect of the blade and interference due to other blades is not considered.
Step-2: The obtained tangential forces were analysed for all the studied airfoils, and a comparison made to select the best suitable airfoil.
Step-3: Once the airfoil is selected, a 3-blade VAWT geometry is created.
Step-4: Meshing of the geometry is done, and then solution setup parameters were adjusted.
Step-5: Computational simulations were carried out for the meshed geometry to understand the effect of the rotation of the blades and interference due to other blades.
Design of 3-blade vertical axis wind turbine
The design of 3-blade VAWT involves many steps, among the most important one is the airfoil selection. The design process includes the selection of airfoil, wind blade design, other supporting structure designs, and finally assembling all the structures to form VAWT. Below sections explain the design of VAWT carried out in the solid works. 
Selection of airfoil
NACA 00XX series symmetric airfoils are mostly used for designing the Darrieus type vertical axis wind turbine. Among all the NACA 00XX series, these four airfoils are widely used, they include NACA 0012, NACA 0015, NACA 0018, and NACA 0021. Among these four only one is selected for the design of 3-blade VAWT. To find the best airfoil, a comparison is made based on the tangential force generated by Airfoil.
For comparison, the force generated by the airfoil at each angle of attack is calculated. Then the airfoil is arranged according to the turbine configuration. Now the force generated by each airfoil is added to get the total force generated at that angle of rotation of the turbine. The total forces are calculated for angles 0º to 120º (as we will get the same configuration again).
The coefficient of drag (Cd) and coefficient of lag (Cl) values was obtained from computed data using CFD for the angle of attack 0º to 120º and the forces generated are calculated (not considering the rotation effect and interference due to other blades). The tangential forces are computed for each blade by obtaining the horizontal and vertical component of the force, see Figure 1 as:
where Fx is the horizontal component of force, Fy is the vertical component of force, Fx′ is the tangential component of Fx, Fy′ is the tangential component of Fy.
Among these four, NACA 0015, is selected for the design process. Figure 2 shows the tangential forces of the studied airfoils as a function of rotational angle. From the Figure 2 it is observed that NACA 0015 has the maximum area under it. So, we can conclude that this airfoil will give us the maximum average tangential force over one cycle and hence torque. For the selected airfoil, i.e., NACA 0015 coordinates, a solid works design is created. Cross section of the NACA 0015 airfoil is shown in Figure 3 . The NACA 0015 airfoil is symmetrical, the 00 indicating that it has no camber. The 15 indicates that the airfoil has a 15% thickness to chord length ratio. It is 15% as thick as it is long. One airfoil is designed first having a chord length of 0.5 meters, as shown in Figures 3 and 4 . 
Three blade VAWT design in solid works
The complete geometry of VAWT is designed in this section by considering 3-blades. Each airfoil having a chord length of 0.5 m were arranged apart 120° to form VAWT. To add rotational velocity to the wind turbine for analysis of the rotational effect, the grid should be divided into different cell zones. Each cell zone is generated separately in solid works as shown in Figures 6 and 7 shows the complete geometry of the 3-blade vertical axis wind turbine. For creating the separate cell zones, the geometry is divided into three parts, and they are designed separately in IGES format files as follows:
Part-1: It consists of the following cell zones: Fluid-3: for blade 1, Fluid-4: for blade 2, Fluid-5: for blade 3
All the cell zones in the Part-1 will have a rotational motion, seen in Figure 5 as dark area.
Part-2: It consists of the following cell zones: Fluid-2
The dark area shown in Figure 6 represents the cell zone which will have rotational motion.
Part 3: It consists of the following cell zones: Fluid-1
The area outside the circle as shown in Figure 7 represents the cell zone which will be stationary. 
Computational analysis using ANSYS
Computational analysis of the designed VAWT is studied using ANSYS. For this, the designed geometry meshes. First, solver and solution setup is done and later it is analysed for various airspeeds to observe the forces and torques.
Geometry meshing
For the 3-blade VAWT geometry, the meshing is done to analyse its performance using CFD (FLUENT under ANSYS Workbench). The design files in solid works were exported to ANSYS for carrying out the meshing procedure, see in Figure 8 . A triangular mesh is used in this analysis. Edge sizing is given to the blades as a number of divisions, see in Figure 9 . The growth rate for the mesh is given as 1.015, i.e., the edge size for the elements will increase by a factor of 1.015 as we move from the blade to the edges of the domain. Calculations were done for three different mesh sizes, i.e., grid size. For this grid sizes, the forces on the blades were found. Table 1 shows the details of three different mesh conditions concentrating on the number of elements and nodes. Table 2 shows the calculated forces on the blades at an angle of 0° for all the three different mesh cases. Table 2 Comparisons of forces generated at each meshing condition Considering the forces generated on the blades in three different mesh conditions, only one condition that is case-ii is considered as forces on the blade in for case-ii, and case-iii are nearly same. Hence, for the computational analysis meshing condition case-ii is selected. The meshed geometry consists of 302370 elements and 153356 nodes. Figure 9 shows the meshed geometry of the 3-blade VAWT. 
Solution setup and boundary conditions
For the setup, 2-dimensional pressure-based solver with double precision and the series processor is chosen, and this is as per the Mach no, i.e., 0.03. The model chosen for analysis is K-epsilon. When Reynolds number is computed using equation (2), the obtained value is 3.34 × 10
5
. The flow appears to be laminar, but there are chances of experiencing flow separation and interaction leading to a turbulent flow. Hence this is the reason for choosing K-ε model.
Reynolds number is calculated using equation (2).
where, 'V' is velocity of the fluid, 'l' is the characteristic length or the chord length of an airfoil, 'ρ' is the density of the fluid (for air density is 1.21 kg/m 3 ), 'µ' is the dynamic viscosity of the fluid, and 'v' is the kinematic viscosity of the fluid. See Figures 10-12 for the cell zones division, boundary conditions for the turbine, and for the boundary conditions of the domain.
Results and discussions
CFD analysis was performed at velocity 10 m/s. A three rotational velocities are considered and they are 4 rad/s (38 RPM), 6 rad/s (57 RPM), and 8 rad/s (76 RPM). For this three conditions, velocity and pressures contours are evaluated, and corresponding torque generations are also evaluated at each degree of airfoil rotation.
The tangential forces generated by each blade were calculated, and total torque produced by turbine was determined. The analysis was performed from 0° to 120°. Results are repeated thrice to complete one full rotation.
Results were obtained from the CFD studies by varying the angle in steps of 5° from 0° to 360° to complete one full rotation. For the three blades, x-force, y-force, tangential force and torque are calculated. Analysis at a rotational velocity of 4 rad/s is shown indicating the contours of velocity in Figure 13 and contours of static pressure in Figure 14 . Figures 14, 16 and 18 show pressure contours for the rotational speed of 4, 6 and 8 rad/s respectively. Blade 1 being at zero angles of attack there is low pressure over blade 1 while blade 3 faces the flow has high pressure in the windward region and low pressure in the leeward region. There is similar pressure distribution over blade 2, but due to lower velocities faced by blade 2, the pressure levels are very low. Using the pressure distributions over the blade, lift and drag of each blade and hence tangential force is computed. This is converted to a net torque about the axis of rotation of windmill. The variation of torque with a rotational angle for the three different conditions, i.e., 4 rad/s, 6 rad/s, and 8 rad/s is studied and shown in Figures 19-21 respectively. Figure 22 shows the comparative study of the torque variations concerning rotational angle for three different cases.
Figure 21
Total torque generated at 8 rad/s with respect to the rotational angle (see online version for colours)
Figure 22
Comparison of torque generated at various rotational angles (see online version for colours)
Conclusion
In this paper, a computational study on the vertical axis wind turbine with 3-blades is simulated, and corresponding analysis is carried out. To have better energy yields from the any of the modelled wind turbine, torque generation would play a major role. From the background study, it is understood that torque generation would vary with respect to forces in the airfoil and at what velocity wind is attacking the blade. This study was conducted to analyse and for a clear understanding of torque variation with respect to the rotation angle, and wind velocity. From the results obtained in the computational study, it is clear that increase in rotational velocities enhances the torque generation. It is also understood that the torque produced depends on the two other factors: Relative velocity of the wind with respect to the moving turbine blades and relative angle of attack due to the rotation of the turbine blades. Relative velocity decreases with increase in rotational speed but the angle of attack increases. This will lead to maxima in torque with increasing rotational speed. However, in this case, torque keeps on increasing as the rotational speed haven't attained that level and cause for analysis for higher rotational speeds.
